The contamination of air, drinking water supplies and foods with cadmium(II) (Cd 2+ ) and lead(II) (Pb 2+ ) ions poses a serious threat to global health and environment. [1] [2] [3] Trace amounts of Cd 2+ and Pb 2+ in the environment can become incorporated into various food chains and accumulate to toxic levels, especially at higher trophic levels. Accordingly, the development of a highly sensitive, portable and rapid analyzer for Cd 2+ and Pb 2+ has attracted considerable research effort over the past 15 years. The currently methods often used for the quantitative analysis of metal ions are atomic absorption spectroscopy, [4] [5] [6] inductively coupled plasma-atomic emission spectroscopy, inductively coupled plasma-mass spectrometry and anodic stripping voltammetry (ASV). The important advantages of flow injection analysis in electrochemistry have been reviewed by Christian. 7 Currently there is a growing trend in favor of electrochemical methods because they provide a rapid, precise and automated analysis and require only low reagent and sample consumption level. For the determination of metal ion levels, several types of working electrodes are currently used together with sequential injection-ASV (SI-ASV): they are screen-printed carbon, glassy carbon, gold and carbon paste electrodes (CPE). CPE are one of the most popular working electrodes in flow systems, due to their advantages of having a wide anodic potential region, their ease of fabrication, regeneration and modification, a very low background current and a low cost. [8] [9] [10] [11] Moreover, the suitable carbon-to-binder ratio in the CPE and the material used for the binder can enhance the electron transfer and the conductivity of the CPE. Modified CPE coupled with flow-based techniques for the rapid and sensitive determination of copper 12 and lead 13 have been demonstrated. However, commercially available electrochemical flow-through cells for CPE are expensive and often less sensitive. Therefore, a homemade flow cell with higher sensitivity would be a useful alternative choice for limited-resource countries, as well as worldwide. In 2005, Yantasee et al. reported the determination of lead levels by SI-ASV based on a modified CPE using a homemade wall-jet electrochemical flow cell, obtaining a detection limit of 1 μg dm -3 . 14 Although they fabricated such a inexpensive wall-jet electrochemical flow cell for Pb 2+ detection, the flow cell was composed of two removable blocks and a Teflon gasket that was not easy to use and assemble. Here, we designed a one-piece flow cell, which is very easy to assemble and does not require the use of a gasket.
In the design proposed here, the inlet flow was perpendicular to the flow channel so as to increase the convection process in the deposition step and so obtain a higher sensitivity for metal detection. Indeed, a thin-layer flow cell is selected because it can provide a high mass-transfer rate, a high signal-to-noise ratio, a uniform current density and a lower uncompensated resistive drop. Furthermore, the advantage of the cell over a wall-jet cell is the smaller dead volume in the thin-layer cell, meaning that the peak broadening can be significantly reduced. Until now, no homemade thin-layer electrochemical cell based A low-cost thin-layer electrochemical flow-through cell based on a carbon paste electrode (CPE), was constructed for the highly sensitive determination of cadmium(II) (Cd 2+ ) and lead(II) (Pb 2+ ) ions. The sensitivity of the proposed cell for Cd 2+ and Pb 2+ ion detection was improved by using the smallest channel height without the need for any complicated electrode modification. Under the optimum conditions, the detection limits of Cd 2+ and Pb 2+ ions (0.08 and 0.07 μg dm -3 , respectively) were 13.8-and 11.4-fold lower than that of a commercial flow cell (1.1 and 0.8 μg dm -3 , respectively). Moreover, the percentage recoveries of Cd 2+ and Pb 2+ for the in-house designed thin-layer flow cell were higher than those for the commercially available cell in all tested water samples, and within the acceptable range. The proposed flow cell is promising as an inexpensive and alternative one for the highly sensitive monitoring of heavy metal ions. on CPE has been reported.
The goal of this work was to design and fabricate a low-cost thin-layer electrochemical flow cell based on a CPE for the highly sensitive and simultaneous determination of Cd 2+ and Pb 2+ ions without the requirement for a complicated modification of the electrode surface. The channel height of a thin-layer cell has effect on the limiting current; we thus investigated the optimal channel height to improve the sensitivity of the electrochemical detector. The performance of the in-house designed thin-layer flow cell was compared to that of a commercially available one supplied by BAS. Finally, the newly designed flow cell was applied to the determination of heavy metals in drinking, tap and pond water. The details of the design, fabrication, optimization, performance and application of the proposed flow cell are described in this work.
Experimental

Apparatus
All voltammetric measurements were performed with a PalmSens potentiostat (PalmSens BV, The Netherland). A three-electrode configuration, consisting of a bismuth-film CPE, Ag/AgCl and either a platinum wire (for batch measurement) or a stainless-steel tube (for flow analysis) were used as the working, reference and counter electrodes, respectively.
The transparent flow-through the electrochemical cell was designed and constructed in-house to implement with a simple CPE, as shown in Fig. 1 . The body of the flow cell was made of Plexiglass to make it easy to observe any perturbations in the flow, such as those caused by the formation of bubbles. The flow channel was 1.6 mm diameter and 2.0 cm long.
A sequential injection analysis (SIA) system (MGC Auto-Pret MP-014s, MGC, Japan), which consists of an 8-port selection valve, a 2.5-cm 3 syringe pump and a 3.0-cm 3 holding coil, and is controlled by a controlling program MGC LMPro Ver. 2.5, was used to deliver the samples and reagents. All experiments were performed in a laboratory-made Faraday cage at conditioned room temperature (25 C).
Reagents and chemicals
All chemicals employed in this work were of analytical reagent grade purity. The water used to prepare all solutions was first deionized and then further purified via a Milli-Q unit (Millipore, Bedford, USA). Hydrochloric acid (HCl) and nitric acid (HNO3) were purchased from Merck (AnalaR grade, Merck, Germany HCl.
Potassium ferricyanide (K3Fe(CN)6) and potassium ferrocyanide trihydrate (K4Fe(CN)6·3H2O) were used to characterize the CPE in the in-house designed flow-through electrochemical cell. Graphite powder (particle size <20 μm), bismuth(III) oxide (Bi2O3) nanoparticles (90 -210 nm diameter) and mineral oil were purchased from Sigma-Aldrich. A 0.1 mol dm -3 potassium chloride solution (Ajax Finechem, New Zealand) was used as the electrolyte in cyclic voltammetric measurement.
CPE preparation
Firstly, 0.50 mg of graphite powder was mixed with 0.33 mg of mineral oil (60:40% w/w ratio) using a mortar and pestle into a uniform carbon paste.
10,11
The amount of mineral oil was carefully controlled because excessive oil decreases the conductivity, as reported by Tomáš et al., 15 while with insufficient oil it is not possible to obtain a uniform carbon paste. The resulting paste was packed into the end of each electrode holder. Secondly, the electrical contact was made by inserting some copper wire into the carbon paste. Finally, the redundant paste was removed from the electrode body. The electrode thus prepared is shown in Fig. 1B . The surface of CPE was polished with a piece of weighing paper prior to use without any further electrochemical pretreatment.
CPE modified with bismuth powder
The Bi2O3 powder-modified CPE was prepared in the same way as described above, except that the graphite powder was mixed with 0.125 mg Bi2O3 nanopowder (12.5% w/w) to form ex situ Bi powder-modified CPE. 16 
Measurement procedures
The thin-layer flow cell was constructed and characterized to obtain the best geometry. Then the effect of the inclusion of different electrode modifying materials was studied in the flow stream as a film on the electrode surface.
Next, the electroanalytical based characterization of the Bi-film CPE was performed, focusing on the reversibility and diffusion control of the redox process. This preliminary characterization was performed by cyclic voltammetry using 0.5 mmol dm -3 Fe(CN)6 3- /Fe(CN) 6 4-solution in 0.1 mol dm -3 KCl. After that, stripping voltammetry was performed with an in situ deposition of the bismuth film and target metals without removing the dissolved oxygen in HCl. The above derived optimum deposition potential was applied to the Bi-film CPE working electrode for 140 s. Following the preconcentration step, the flowing solution was stopped for 2 s and the voltammogram was then recorded by applying a positive square-wave voltammetric (SWV) potential scan to +0.3 V. Comparisons between the conventional commercially available and the in-house designed thin-layer flow-through cells were carefully considered. A 0.5 mol dm -3 HCl solution was used as a supporting electrolyte for the conventional flow-through cell, while the in-house designed flow-through cell used 0.1 mol dm -3 HCl. After each measurement of the accumulated metals, the electrode was washed thoroughly with 0.5 mol dm -3 HNO3 and the regenerative Bi-film formation on electrode was performed again.
Sample preparation
Generally, the in situ Bi-film modified electrode was used without any pretreatment step. 17, 18 A tap water sample from our laboratory and a bottled drinking water sample from a convenience store were employed to evaluate the ability of the in-house thin-layer flow cell to determine the level of Cd 2+ and Pb 2+ ions in the samples. Prior to detection, a 1.00-cm 3 portion of the water sample was added to 4.00 cm 3 electrolyte. 19 To demonstrate the recovery and precision, water samples were spiked with 5 and 25 μg dm -3 of Cd 2+ and Pb 2+ .
Results and Discussion
Optimization of electrode modifying materials
In this research, two critical methods for the in situ coating of the CPE with bismuth were carried out. 20 In the first method, Bi 3+ ions were directly added into the analyte ion solution and the Bi-film was electrodeposited on the electrode simultaneously with the analytes. In the second method, Bi2O3 nanopowder was homogeneously mixed with the carbon paste prior to the preparation of the CPE. At the deposition potential of -1.2 V, Bi2O3 was reduced to the Bi-film at the surface of CPE. The ASV of Cd 2+ and Pb 2+ at the CPE, at the CPE modified with Bi 3+ plating solution and at the CPE modified with Bi2O3 nanopowder, are presented in Fig. 2 . The current signals at the in situ Bi-film modified CPE formed by the two methods were not very different, except that the Bi2O3 nanopowder-modified CPE exhibited a high baseline compared to that with the Bi 3+ plating solution-modified CPE. In addition, Bi2O3 nanoparticles in the CPE can disintegrate from the electrode surface so that irreproducible current signals were obtained. This disintegration is probably caused by the reduction of Bi2O3(s) to Bi(s) in the deposition step. Moreover, the stripping out of Cd, Pb and Bi from the surface of the CPE into the solution, and the use of a cleaning solution to remove residual metal ions in the flow system affected the Bi2O3 in CPE. This results in some uncertainty about the correct stripping current due to the irregularity of the Bi-film for each measurement on the CPE surface. Therefore, the first method, using the Bi 3+ plating solution, was used as the CPE electrode modifying material.
Characterization of the in situ Bi-film CPE
The in situ Bi-film modified CPE was characterized by cyclic voltammetry of a 0.5 mmol dm -3 Fe(CN)6 4-was a reversible reaction (data not shown). The rate of electron transfer was investigated. When the scan rate was varied from 0.005 to 0.10 V s -1 , the peak potential gradually changed. The cathodic and anodic peak potentials shifted slightly to the negative and positive direction, respectively, with the increasing scan rate. The plot of peak current vs. square root of scan rate (data not shown) produced a linear relationship (R 2 = 0.9958). All these data indicated that the electrochemical process on the Bi-film modified CPE was reversible and was diffusion-controlled. 2+ and Pb
Stability of the Bi-film CPE for Cd
2+ detection
For reliable Cd 2+ and Pb 2+ ion detection on the Bi-film modified CPE using the in-house designed flow-through cell, the stability of the electrode is one of the most important factors. To ascertain the operational stability, we tested the electrodes with 5 μg dm -3 Cd 2+ and Pb 2+ solution in 0.1 mol dm -3 HCl. The obtained current signals of the electrode were found at 8.59 ± 0.19 and 10.04 ± 0.29 μA (n = 50) for Cd 2+ and Pb 2+ ions, respectively. Moreover, the electrode could be used continuously for at least 12 h without any difference in the potential and current signal (data not shown). Therefore, the electrode appears to have a good stability and reproducibility. 20 
Characterization of the in-house designed flow cell
The thin-layer geometry of the flow cell can be characterized by studying the relationship between the limiting current (i) and the flow rate (υ) with amperometry, as shown in Eq. (1).
where n is the number of electrons, D the diffusion coefficient, A the surface area of working electrode (cm 2 ), b the channel height (cm) which is the diameter of the flow channel in the in-house designed flow cell, and υ the average flow rate (cm 3 s -1 ). In order to evaluate the in-house designed thin-layer flow cell, the amperometric study of 0.1 mol dm -3 Fe(CN)6 Voltammograms shown are representative of those seen from three independent repeats. then confirms that it is a thin-layer flow cell.
The channel height of a thin-layer cell affects the limiting current. Therefore, the dependence of the sensitivity for the determination of Cd 2+ and Pb 2+ by SI-ASV at the Bi-film CPE on the channel height of the thin-layer flow cell was examined at 1.6, 2.0 and 2.5 mm, with the obtained voltammograms shown in Fig. 3 . The slopes of the current vs. concentration plot of Cd 2+ and Pb 2+ at the three channel heights are shown in Table 1 . Since the highest slope leads to the highest sensitivity, the highest sensitivity was obtained at a channel height of 1.6 mm. As a result, the thin-layer flow cell of 1.6 mm channel height is the flow cell selected for further application.
Optimization of the conditions for Cd 2+ and Pb 2+ determination with the in-house flow cell
The type of electrolyte used is crucial to the performance of the ASV procedure. Previously, the best results were reported to be obtained when using HCl as the electrolyte. 22 Thus, in this work, the in-house designed and the commercial thin-layer flow-through electrochemical cells were applied for the determination of Cd 2+ and Pb 2+ ion levels in HCl via SI-ASV at the Bi-film CPE.
Effect of bismuth concentration
In the case of the in situ plated Bi-film, the Bi 3+ concentration is an important parameter that can effect the stripping peak response. 23 In the in-house designed thin-layer flow cell, the effect of the Bi 3+ concentration was evaluated in the range of 0.01 to 10.0 mg dm -3 . The results (Fig. 4A) -3 , an decreasing peak current and peak broadening were observed, which is likely to be the mass transfer limitation of metal ions diffusing out of the film during the stripping step 24 and the effect of hydrogen evolution. Indeed, the optimum Bi 3+ concentration has been evaluated for the complete formation of multi-component alloys, 25 the prevention of a high hydrogen evolution rate at negative potentials and the saturation effect of Bi-film on the surface of CPE. 16, 18, 26, 27 As reported by Švancara et al., 16 the Bi 3+ concentration must be 10 times higher than the target analyte concentration to avoid a saturation effect. Thus, a concentration of 5 mg dm -3 was used as the optimal Bi 3+ concentration in the preparation of the CPE for this in-house designed thin-layer flow cell.
Influence of accumulation potential on SWASV performance
The analyte preconcentration or accumulation potential at the electrode surface is a critical parameter in the stripping analysis; a suitable value can improve the electrode performance. The influence of the accumulation potential on the analytical signals was studied in the range of -0.8 to -1.4 V using an accumulation time of 140 s (Fig. 4B) . The current signals gradually increased with an increase in accumulation potential until the highest current signals were obtained at -1.2 V and afterwards the signals declined. Therefore, a preconcentration potential of -1.2 V was chosen for all subsequent experiments for the in-house designed electrochemical flow cell.
Effect of square wave (SW) frequency, step potential and pulse height on SWASV performance
The effect of the pulse frequency was studied in the range of 10 -100 Hz (Fig. 4C) . The peak potentials shifted to the anodic direction while the peak heights increased with the increasing applied pulse frequency up to a SW frequency of 50 Hz, and then declined above this. Thus, an applied pulse frequency of 50 Hz gave the best peak heights.
The other variable studied was the step potential in the SWASV, which corresponds to the scan rate. When the step potential is changed, the scan rate is automatically changed. The dependence of the response on the step potential was investigated from 0.0025 to 0.025 V. The results for in the range of 0.0025 to 0.01 V showed that the peak current increased as the step potential increased. However, a broadening of the metal peak with a low resolution was found when the step potential was higher than 0.01 V. Therefore, a step potential of 0.01 V was chosen for the in-house designed thin-layer flow cell.
Lastly, the influence of the SW-pulse height variation on the analyte peak currents, within the range of 0.005 to 0.075 V, was evaluated and the results are shown in Fig. 4D . The peak current rapidly increased upon increasing the SW-pulse potential up to 0.025 V, then slightly increased and reached the maximum value at 0.05 V before declining at 0.075 V. Therefore, 0.05 V was chosen as the optimal SW-pulse height.
Calibration data
The calibration plots for the simultaneous determination of Fig. 3 The voltammograms of 50 μg dm -3 Cd 2+ and Pb 2+ using the in-house designed thin-layer flow cell with a channel height of (A) 1.6, (B) 2.0 and (C) 2.5 mm. Voltammograms shown are representative of those seen from five independent repeats. Cd 2+ and Pb 2+ ion levels by SI-ASV, using the commercial and the in-house thin-layer flow cells, were generated under the optimum conditions of each flow cell.
A series of stripping voltammetry measurements of Cd 2+ and Pb 2+ in the concentration range of either 0.5 to 75 μg dm -3 in the commercial flow cell or 0.25 to 500 μg dm -3 in the in-house designed thin-layer flow cell were investigated. The current response at the Bi-film CPE in the commercial and in the in-house designed thin-layer flow cells were plotted against the Cd 2+ and Pb 2+ concentrations.
In the commercial flow cell, the detection limit (DL, the concentration corresponding to three times the standard deviation of the response obtained from blank solution) and the quantification limit (QL, the concentration corresponding to ten times the standard deviation of the response obtained from blank solution), were 1. for Cd 2+ and Pb 2+ , respectively. The data are summarized in Table 2 .
Analysis of drinking water, tap water and pond water
Both the commercial and the in-house designed electrochemical thin-layer flow-through cells, based on the Bi-film modified CPE, were applied to test three types of water, including a high organic matter containing pond water, and the same samples after spiking with 5 or 25 μg dm -3 of Cd 2+ and Pb 2+ . The data obtained are summarized in Table 3 .
The determination of Cd 2+ and Pb 2+ levels in the spiked drinking and tap water samples, using both the in-house designed and a commercial thin-layer flow cell, showed good recoveries, but in general the in-house designed flow cell showed higher recoveries than the commercial one. The Bi-film CPE coupled with the electrochemical flow-through cell was also applied to untreated pond water that contained an abundant level of organic matter; the results confirmed that the in-house designed flow cell and electrode had been successfully developed for the determination of trace heavy metals. 
Conclusions
A new way to use a Bi-film modified CPE in flow-based analysis was successfully developed for an in-house made thin-layer electrochemical flow-through cell that offered a better sensitivity and wider linear detection range than the commercial equivalent for the determination of trace levels of heavy metals by SWASV. The CPE and in-house made flow-through cell provides attractive advantages over the commercial flow cell, such as the extreme simplicity of electrode preparation, excellent binding affinity with various materials and easy renewal. As such, it is suitable for use as a metal sensor in field analysis in future research. Moreover, the cost of our flow cell is much lower than that of the commercial flow cell because our flow cell is made of Plexiglas. This material is much less expensive and much easier to handle, cut and fabricate when compared with a material used for fabrication of commercially available BAS flow cell (polyether ether ketone, PEEK). In addition, our flow cell is one-piece flow cell which is very easy to assemble. The other advantage of this proposed flow system is that it does not require the use of a gasket, clamp and screws for holding and tightening two removable blocks together. These reasons result in the dramatic price reduction of our thin-layer flow cell. Commercial flow-through cell In-house designed flow-through cell Found/μg dm -3 Recovery, % Found/μg dm 
